The discovery of ferroelectricity in both pure and doped HfO 2 -based thin films have revitalized the interest in using ferroelectrics for nanoscale device applications. To take advantage of this silicon-compatible ferroelectric, fundamental questions such as the origin of ferroelectricity and better approach to controlled realization of ferroelectricity at the nanoscale need to be addressed. The emergence of robust polarization in HfO 2 -based thin films is considered as the cumulative effect of various extrinsic factors such as finite size effects and surface/interface effects of small grains, compressive stress, dopants, oxygen vacancies, and electric fields. The kinetic effects of phase transitions and their potential impacts on the emergence of ferroelectricity in HfO 2 are not well understood. In this work, we construct the transition paths between different polymorphs of hafnia with density functional theory calculations and variable-cell nudged elastic band technique. We find that the transition barriers depend strongly on the mechanical boundary conditions and the transition from the tetragonal phase to the polar orthorhombic phase is a fast process kinetically. The effects of growth orientations and epitaxial strains on the relative stability of different phases of HfO 2 are investigated. The two orthorhombic phases, polar P ca2 1 and non-polar P bca, become 1 thermodynamically stable in (111)-oriented thin films over a wide range of epitaxial strain conditions. This work suggests a potential avenue to better stabilize the ferroelectric phase in HfO 2 thin films through substrate orientation engineering.
Introductions
Ferroelectrics characterized by the switchable spontaneous polarization have long been considered as a candidate material to realize low-power high-speed nonvolatile memories and logic devices. [1] [2] [3] However, the difficulty of integrating perovskite ferroelectrics into complementary metal-oxide-semiconductor (CMOS) processes 4 has hindered device scaling to the sub-100 nm regime. 5 The discovery of ferroelectricity in both pure and doped HfO 2 thin films [6] [7] [8] [9] [10] [11] have revitalized the interest in using ferroelectrics for nanoscale device applications 12 because HfO 2 is a well-studied CMOS-compatible gate dielectric that is thermodynamically stable on silicon. 13 Moreover, contrary to conventional perovskite-based ferroelectric thin films where the depolarization field often leads to the instability of out-of-plane polarization, [14] [15] [16] HfO 2 -based thin films possess robust electrical polarization at the nanoscale, ideal for device miniaturization. 6 It is suggested that HfO 2 may well be a new type of ferroelectric materials that only exhibits spontaneous polarization at the nanometer length scale but not in the bulk form.
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The observation of ferroelectricity in HfO 2 is unexpected, given that this simple binary oxide has been studied extensively for decades as high-κ dielectrics. 18 Bulk HfO 2 adopts the monoclinic (M) P 2 1 /c phase at the room temperature and pressure, and transforms to the tetragonal (T) P 4 2 /nmc phase and the cubic F m3m phase with increasing temperature, and becomes the orthorhombic (OA) P bca phase at higher pressure. All these phases are centrosymmetric and thus non-polar. Böscke et al. first reported the presence of ferroelectricity in thin films of SiO 2 -doped hafnium oxide with a thickness of 10 nm. 6 Since then, many divalent and trivalent dopants were found to be able to induce ferroelectricity in hafnia thin films. [7] [8] [9] 19 Robust polarization of 10µC/cm 2 was observed even in dopant-free hafnia thin films in a thickness range of 4-20 nm.
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The origin of ferroelectricity in HfO 2 -based thin films has attracted intensive studies in recent years. Combined experimental and theoretical studies eventually lead to the conclusion that the polar orthorhombic (PO) P ca2 1 phase is most likely responsible for the ferroelectricity. 10, [21] [22] [23] [24] Based on density functional theory (DFT) calculations, the M phase is the most stable phase, followed by the polar PO phase and the non-polar T phase.
21,22,24
The stabilization of the metastable PO phase in thin films is attributed to a variety of ex- and electric fields.
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In the phenomenological surface energy model developed by Materlik et al. that takes into account the surface energy contribution to the phase stability, the hafnia gains of nanometer size (< 4 nm) will favor the ferroelectric phase because of the lower surface energy of the PO phase relative to that of the M phase. 24 Batra et al. evaluated the surface energies of different phases of hafnia with DFT and found that the PO phase has lower (001) surface energy but higher (100) and (010) surface energies than those of the M phase. 25 They also found that the surface energies of the T phase are consistently lower than the M phase for all surface planes, suggesting a possible initial formation of the non-polar T phase at the nanoscale due to the surface effects followed by a transition to the ferroelectric PO phase.
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The epitaxial compressive strain is considered to play an important role in inducing the ferroelectric PO phase. 22, 29 However, DFT calculations have shown that neither hydrostatic pressure nor biaxial compressive stress alone is enough to make the polar phase the most stable phase. Therefore, the application of external electric fields is required to drive the non-polar to polar phase transition, 29 which may explain the "wake-up effect" in hafnia films. 9, 34, 35 The presence of oxygen vacancies is often detrimental to the device functionality by causing leakage current, aging, and fatigue in ferroelectrics, but is proposed to be beneficial for realizing the ferroelectric PO phase. 27 Recent experiments demonstrated an enhanced ferroelectricity in sub-10 nm dopant-free hafnia thin films by lowering the oxidant dose (thus increasing the oxygen vacancy concentration) during growth, 27 consistent with firstprinciples results that ionized oxygen vacancies may stabilize the metastable PO phases.
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It appears that the emergence of ferroelectricity in HfO 2 thin films is indeed the cumulative effect of various extrinsic factors.
Previous studies on epitaxial strain engineering of ferroelectricity have mostly focused on thin films grown on (00l)-oriented substrates. 37 There is now growing interest in applying biaxial strain along other crystallographic planes such as (101) In this work, we start by examining the ideal transition barriers between different phases of HfO 2 with first-principles methods, aiming to reveal the underlying multi-well potential energy surface that is critical for the understanding of the kinetic effects of phase transitions.
We find that the three low-energy phases, P 2 1 /c, P ca2 1 , and P bca, are separated by signifi-cant barriers ( > 0.1 eV/f.u.), and the high-temperature tetragonal P 4 2 /nmc phase serves as an important intermediate structure bridging different phases. Moreover, the transformation from the tetragonal phase to the polar phase is kinetically fast, and tuning the mechanical boundary conditions can make it the most favorable transition path. Growing unconventionally oriented crystals on substrates of different cuts provides an additional knob to control the mechanical boundary conditions. We evaluate the energies of different polymorphs of hafnia with biaxial deformations applied in the {100}, {110}, and {111} planes. Our calculations reveal that the two orthorhombic phases, polar P ca2 1 and non-polar P bca, become more stable than the monoclinic phase in (111)-oriented films over a range of epitaxial strain conditions, suggesting a new route to better stabilize the polar phase in HfO 2 thin films through substrate orientation engineering.
Computational Methods ab initio studies on the phase transition paths
We use the variable-cell nudged elastic band (VC-NEB) technique 44 For each phase, we first construct a supercell with the prescribed crystal orientation and then fully relax the lattice vectors and atomic positions. After the equilibrium lattice parameters are obtained, the biaxial strain is applied in XY plane by scaling the lattice vectors along X and Y while conserving the in-plane lattice angle γ. We make a special note here that the biaxial strain states studied in this way do not consider the effect of in-plane shear strains as the value of γ is fixed. The internal coordinates are fully optimized while allowing the Z axis to relax, resembling the response of epitaxially strained thin films.
Results and Discussions
Phase Transitions of HfO 2 polymorphs Figure 2a reports the optimized lattice parameters of different polymorphs using LDA and Figure 2b shows the minimum energy paths obtained with VC-NEB. The forward and reverse transition barriers are reported in Table 1 .
The enthalpy of the T phase is considered as the zero point, and the enthalpies of M, OA, and PO phases are −128, −95, and −75 meV/f.u., respectively, consistent with previous DFT results. 21, 22, 24 We find that the three phases, M, OA, and PO, are separated by large barriers (> 100 meV/f.u. ≈ 1160 K). Consequently, M, OA, and PA phases are less likely to go through direct transitions between them. In contrary, the transition from the T phase to the other three phases only need to overcome a small enthalpy barrier, ∆H = (T→OA) = 67, ∆H = (T→ OA) = 32, ∆H = (T→ M) = 13 meV/f.u., respectively. Therefore, we propose that the T phase is likely to serve as the "precursor" phase during the phase transitions between M, OA, and PO. We also find that the transformation from the T phase to the ferroelectric PO phase is faster kinetically than to the non-polar orthorhombic OA phase despite the OA phase being lower in enthalpy. This suggests that even in the absence of electric fields, the formation of ferroelectric PO phase is feasible because of the relatively low kinetic barrier.
We closely examine and compare the two phase transitions that have the low barriers:
T→ M and T→ PO. It is evident from Figure 3 that the transition T→ M involves a large change in lattice constants and angles: the long axis of the T phase increases by 2% and the angle β (between a and c axes) increases by 11%, a clear sign of large shear deformation.
In comparison, the transition T→ PO undergoes a modest volume variation through the exchange of short and long axes,
This process can be understood as a "90
• rotation" about the b axis along which the polarization is developed in the PO phase. The volume first decreases before reaching the transition state (that has the highest enthalpy) and then increases after overcoming the barrier.
The substantial shear deformation in the T→ M phase transition hints at a stronger response of the transition barrier to the mechanical boundary conditions. To test this hy-pothesis, we carry out conventional NEB calculations where the lattice constants are fixed
to the values of the T phase, assuming the T phase is the "precursor" phase during the growth of thin films. 51 As revealed in Figure 3c , constraining the lattice degrees of freedom drastically affects the transition paths. First, the "artificial" M phase with the same lattice constants of the T phase, denoted as M T , becomes a high energy phase. We find that the M T phase experiences highly anisotropic stresses, σ 13 = σ 31 = −10.8 GPa and These results highlight the kinetic and strain effects on the emergence of ferroelectric phase in HfO 2 thin films. Specifically, when the shear strain required for the T→ M transition is inaccessible, the T phase is more likely to become the ferroelectric PO phase kinetically even though the non-polar OA phase is still favored thermodynamically. In this regard, growing HfO 2 -based films on unconventionally oriented substrates may introduce appropriate mechanical boundary conditions that enhance the ferroelectricity, thus inspiring our following investigations.
Effects of Crystal Orientations
We first study the conventional (001)-oriented films.
The effect of epitaxial strain in (001) The ferroelectric PO phase consistently has energy higher than the non-polar OA phase, but the energy difference is small (< 40 meV/f.u.). Two mechanisms may lead to the formation of ferroelectric phase in thin films. Thermodynamically, the presence of an external field along the polar axis will favor the PO phase and induce the OA → PO transition. This is confirmed by estimating the free energy G under an electric field along the surface normal
, where E DFT is the DFT energy per formula unit and P [111] is the polarization along the [111] direction (inset of Figure 6b ). The effect of
[111] electric fields on the free energy difference between PO and OA phases (∆G PO−OA ) is illustrated in Figure 6b , which clearly shows the stabilization of the PO phase over the OA phase for electric fields of magnitude higher than 4 MV/cm. Kinetically, as revealed by NEB calculations, the transition from the T phase to the PO phase is faster than to the OA phase. Therefore, if the T phase forms first during the high temperature annealing in thin film preparation process, a significant portion of the T phase may transform to the PO phase because of the low activation energy of the T → PO transition.
Conclusions
In summary, we have investigated the kinetic effects of phase transitions on the emergence of ferroelectricity in HfO 2 thin films by quantifying the transition barriers between different polymorphs of hafnia with density functional theory calculations. The multi-well potential energy surface obtained with the variable-cell nudged elastic band technique suggests that the mixture of different phases often presented in HfO 2 -based thin films has both kinetic and thermodynamic reasons. We propose the tetragonal P 4 2 /nmc phase, likely formed during the annealing process at high temperatures, is the key "precursor" phase, responsible for the formation of monoclinic and orthorhombic phases because of the low transition barriers. One important finding is that the transition from the tetragonal phase to the polar orthorhombic P ca2 1 phase is kinetically faster than the transition to the competing non-polar orthorhombic P bca phase though the latter is favored thermodynamically. Additionally, the transition barriers depend strongly on the mechanical boundary conditions. In particular, when the shear deformation required for the tetragonal to monoclinic phase transition becomes inaccessible (e.g., clamping by grains or capping electrodes), the formation of the monoclinic phase will be suppressed whereas the formation of the polar orthorhombic phase is favored.
Growing differently-oriented crystals on substates of unconventional cuts offers a new modality to tune the mechanical boundary conditions. We systematically investigate the effects of growth orientations and epitaxial strains on the relative stability of different phases of HfO 2 . In agreement with previous studies, the biaxial compressive stress will drive the monoclinic to orthorhombic transition. Notably, the two orthorhombic phases become more stable than the monoclinic phase in (111)-oriented thin films over a wide range of epitaxial strain conditions. It is feasible to make the P bca phase the equilibrium phase by growing (111)-oriented films on substates providing the right misfit strains. The energy of the polar P ca2 1 phase is found to be consistently higher than the non-polar P bca phase. The presence of electric fields along the surface normal direction will drive the system to the polar phase thermodynamically. Another possible mechanism leading to the formation of ferroelectric P ca2 1 phase would be the transformation of the high-temperature tetragonal phase thanks to the low phase transition barrier. These results provide useful insights into the origin of ferroelectricity in HfO 2 -based thin films and important implications for better control of the 
